Adenosine is known to be a corrosion inhibitor for Fe-based metal. We report the real-time mass change due to the adsorption of adenosine molecules/complex on iron in HCl solution using the quartz crystal microbalance. It is proposed that the adsorption process of adenosine molecules/complex could happen along with iron dissolution process at rest potential. During polarization measurement, the mass loss of the surface of iron was positively related to the resistance of the solution with adenosine. It is believed that during the anodic reaction, the mass loss was caused by desorption of the pre-adsorbed adenosine molecules and also iron dissolution.
Introduction
Adenosine is a purine nucleoside and that occurs in several plants including rice and agarwood trees. From our previous study, adenosine was found to be an excellent corrosion inhibitor of mild steel in HCl solution. 1 However, the real-time adsorption and desorption activity of adenosine during corrosion inhibition was not thoroughly studied and thus not fully understood. A quartz crystal microbalance (QCM) is an excellent instrument to study high sensitive changes of interfacial processes, thus, it would be a suitable instrument to study the real-time adsorption and desorption activity of adenosine. This is due to the thin layer of electrodes used for QCM studies which allows for thin layer film studies. 2 When paired with an electrochemical cell, it is referred to as an electrochemical quartz crystal microbalance (EQCM) and it allows for in-situ observation in the change of frequency of the surface of the working electrode during the electrochemical measurement. From the Sauerbrey equation, the measured frequency change can be used to calculate the mass change (¦m) of the surface of the working electrode. 3 There were previous studies on the adsorption of various compounds [4] [5] [6] [7] and corrosion test 8, 9 conducted using the QCM. However, despite the popularity of researches into corrosion inhibitors for iron and its alloys (mild, carbon and stainless steels) in HCl solution, 10-14 the real-time adsorption of those inhibitor on a corroding surface of an iron working electrode in HCl solution was relatively unaddressed, especially using QCM. In this paper, the real-time adsorption of adenosine was studied on an electrode sputtered with iron in 1 mmol dm ¹3 HCl, to simulate an acidic condition but which does not corrode the thin iron film (approximately 100 microns) too quickly. This study will be useful to understand the involvement of adenosine and the simultaneous effect of corrosion on the adsorption of adenosine on the surface of iron.
Experimental

QCM measurement system
A quartz crystal microbalance QCM 922A (Seiko EG&G) was used to measure the frequency change from the quartz electrode while a potentiostat VersaSTAT 4 (Princeton Applied Research) was used for the electrochemical measurements. An Ag/AgCl electrode (saturated KCl electrolyte, platinum wire as salt bridge) 15 was used as the reference electrode, platinum was used as the counter electrode and an AT cut quartz-gold coated electrode sputtered with iron (Seiko EG & G) (Fig. 1 left) was used as the working electrode. The setup for the experiment was as Fig. 1 (right). All experiments were conducted at atmosphere condition and temperature of 294 « 2 K. Prior to each measurement, the working electrode was cleaned by polarizing at ¹0.8 V vs. Ag/AgCl for 300 s. The 1 mmol dm ¹3 HCl solution was prepared using AR grade 37% concentrated HCl and diluted using double distilled water. Adenosine was purchased from Nacalai Tesque and diluted using the prepared HCl solution to suitable concentrations.
Quick microgravimetric analysis
After the cell setup, the frequency was recorded when the cell contained ten mL of 1 mmol dm ¹3 HCl (time is 0 s). The cell was allowed to stabilize until time was 300 s, then the first aliquot of concentrated adenosine (two mL) was added to achieve 1 mmol dm ¹3 of adenosine. The frequency was allowed to stabilize until time was 600 s. The steps of adding the concentrated adenosine and allowing the frequency to stabilize for another 300 s was repeated until the final concentration of 4 mmol dm ¹3 of adenosine was achieved.
Extended time microgravimetric analysis
After the cell setup, the frequency was recorded when the cell contained 18 mL of 1 mmol dm ¹3 HCl (time is 0 s). The cell was allowed to stabilize until time was 300 s, then the aliquot of concentrated adenosine (two mL) was added to achieve the final concentration of 2 or 3.74 mmol dm ¹3 adenosine. The frequency was observed for over 7000 s. 
Results and Discussion
Quick microgravimetric analysis
The calculation to obtain ¦m from the frequency change using the Saurbrey equation is:
where ¦f is the frequency change observed (Hz), f 0 is the resonant frequency (Hz), A is the piezzoelectrically active crystal area (cm 2 ), P q is the density of quartz (2.648 g cm 2 ), L q is the shear modulus of quartz for AT-cut crystal (2.947 © 10 11 g cm ¹1 s
¹2
) and ¦m is the mass change (g).
The calculated ¦m against time with the gradual addition of concentrated adenosine into 1 mmol dm ¹3 HCl solution on the quartz electrode is shown in Fig. 2 . From the calculated ¦m, negative value of ¦m indicates the mass loss of the surface of the Fe sputtered electrode. At 0 s, the cell contained ten mL of 1 mmol dm ¹3 HCl and the constant mass decrease of the surface of the quartz electrode was caused by the dissolution of the iron into the bulk solution by the corrosive solution. After 300 s, the appropriate aliquots (to achieve 1, 2, 3, 3.74, 4 mmol dm ¹3 adenosine) were added at every 300 s interval. At the beginning of after each addition of concentrated adenosine aliquots, the mass decreased apparently for the first 30 s. The apparent mass decrease was not caused by the dissolution of the surface of iron but was caused by the displacement of the pre-adsorbed water molecules on the surface of the iron by the adsorption of the adenosine molecules. 16 The corrosion potential was observed to shift to more positive direction with the increase of the concentration of adenosine and this indicated an anodic-type control inhibition by adenosine. 17 For 1 to 3 mmol dm ¹3 adenosine, after the initial 30 s of their respective addition, the mass continued to decrease but at a lower rate than the pre-addition of the respective aliquots, thus the addition of the aliquots successfully decreased the rate of iron dissolution (successful corrosion inhibition activity). However for 3.74 and 4 mmol dm ¹3 adenosine, after the initial 30 s of their respective addition, the mass begun to increase steadily. The mass gain could be caused by the adsorption of a layer, believed to be an adenosineiron complex.
Extended time microgravimetric analysis
The long-term observation of the adsorption of the adenosine molecules/complex from the microgravimetric analysis was then conducted. In this experiment, the frequency was recorded from time 0 s when the cell contained 18 mL of 1 mmol dm ¹3 HCl. After 300 s, the appropriate aliquots were added into the cell to obtain concentrations 2 or 3.74 mmol dm ¹3 adenosine and the ¦m was observed over an extended period. Figure 3 shows the result of the mass change of the surface of the quartz electrode against time after the addition of the aliquots. From Fig. 3 , the mass loss was at a constant rate for the surface of the quartz electrode when the blank aliquot was added as the corrosion process was not interrupted with the addition. When 2 or 3.74 mmol dm ¹3 adenosine was added, the mass of the surface more apparently decreased until 1500 s and this could be caused by the displacement of water molecules due to the adsorption of the adenosine molecules. From 1500 s onwards, for 2 mmol dm ¹3 adenosine, mass gained slightly until 3000 s and finally decreased in mass at a constant but lower rate than blank from 3000 s onwards. This indicated that 2 mmol dm ¹3 adenosine decreased the iron dissolution. From 1500 s onwards, for 3.74 mmol dm ¹3 adenosine, mass increased at an almost constant rate until the end of the experiment. It is proposed that the mass gain until 3000 s for 2 mmol dm ¹3 and 3.74 mmol dm ¹3 was caused by the adsorption of a layer. As the adsorption of the layer reaches equilibrium, the nett reaction after 3000 s was the iron dissolution (at exposed sites) as the mass continues to decrease steadily. For 3.74 mmol dm ¹3 adenosine after the 3000 s, the layer adsorption probably have not reached equilibrium, thus the continuous mass gain. During the adsorption of the layer, some of the adsorbed layer species might desorb from the surface, however, the equilibrium could be shifted to favour more adsorption than desorption, thus the increase in the mass of the surface. Visual observations suggest that iron continuously dissolves as the gold under-coat became more exposed. Therefore, it is believed that as the iron continuously dissolves into Fe 2+ , adenosine could form complexes with Fe 2+ 18 and adsorb as a layer.
3.3 Linear sweep voltammetry (LSV) with simultaneous QCM measurement A simultaneous experiment on LSV and QCM was carried out to observe the real-time mass change of the electrode when it is scanned (polarized) from the anodic to cathodic region within the range of OCP « 0.25 V and the result is shown in Fig. 4 . The scan was conducted across the regions to simulate reported electrochemical studies and also the electrochemical studies in our group regarding the anti-corrosion activities of adenosine. 1, [19] [20] [21] A lower current density (less deviation from 0 A for Fig. 4a ) indicates higher resistance. A higher resistance indicates a better corrosion inhibition activity and subsequently less mass loss by iron dissolution. Therefore, the resistance should be negatively related to the mass loss by iron dissolution. From Fig. 4(a) , the resistance of the quartz electrode seems to be in an increasing order of blank <2 mmol dm ¹3 ade <3.74 mmol dm ¹3 ade. However, the QCM study (Fig. 4b ) showed the mass loss was in an increasing order of blank <2 mmol dm ¹3 ade <3.74 mmol dm ¹3 ade, which is positively related to the resistance. Scanning from the anodic region to OCP, for blank, the mass loss accounts for the anodic reaction of the blank which was the iron dissolution. However, since the anodic polarization with the presence of adenosine showed more mass loss than blank, it is proposed that the anodic reaction with the presence of adenosine could consist of iron dissolution as well as the direct participation of the inhibitors 22 in the form of desorption of the preadsorbed adenosine molecules/complex (formed and adsorbed at the beginning of the measurement). For blank, as it was polarized towards the cathodic region, the rate of mass loss becomes lower until it was almost plateau, indicating that there were no more mass loss as the cathodic reaction takes place. However, in the presence of adenosine, there were slight mass gain on the surface of the electrode when it was polarized to the cathodic region. The mass gain could be caused by the re-adsorption of the adenosine molecules/complex onto the surface of the electrode. The known cathodic reaction of iron in HCl solution is hydrogen evolution. Since blank did not show more mass increase during the cathodic reaction although the cathodic reaction of blank should produce more hydrogen (than 1 and 3.741 mmol dm ¹3 ade) as the cathodic reaction of blank was not inhibited, the hydrogen reaction was believed to not affect the mass change as the hydrogen produced probably escaped immediately and did not participate in the adsorption. Figure 5 demonstrates the considerations of the processes that could have caused the observed mass changes of the surface of iron in HCl solution. The three processes that could affect the mass change of the iron surface are the water molecules displacement by the adsorption of adenosine molecules (Fig. 5a) , the iron dissolution and adenosine molecules/complex desorption for the anodic reaction (Fig. 5b) and adenosine molecules/complex re-adsorption for the cathodic reaction (Fig. 5c) . The most probable reaction for each processes are: At OCP, the mass gain could be caused by the displacement of the water molecules due to the adsorption of adenosine (Fig. 5a) , as shown by the microgravimetric analyses when adenosine was first introduced into the corroding system of iron in HCl solution. The QCM successfully allowed for the real-time observation of mass gain on the corroding surface of iron in the presence of adenosine which was probably caused by the adsorption of an adenosine-iron complex layer. While the microgravimetric analyses allows for mass change observation of the surface of iron at OCP, where both the anodic and cathodic reactions takes place, the LSV analysis allows for the observation of the mass changes due to the anodic and cathodic reactions separately. The electrochemical measurement showed that the adenosine molecules/complex could undergo desorption when it was polarized through the anodic region ( Fig. 5b ) and adsorption when it was polarized to the cathodic region (Fig. 5c) . While many previous studies of corrosion inhibitors [10] [11] [12] [13] [14] had discussed the iron dissolution and hydrogen evolution for iron (or steels) corrosion in HCl solution, the EQCM has allowed for the observation of the direct participations of the inhibitors during the corrosion inhibition process. While these discoveries unravel the process in a new viewpoint, there are several aspects of these discoveries that could not be completely explained yet, such as the continuous mass gain of 3.74 mmol dm ¹3 adenosine exhibited in the extended microgravimetric measurement and the behaviour of the adsorption and desorption of adenosine when polarized from the anodic to the cathodic region. Although the comparison of the results with a blank solution could negate the effects of other ions that similarly exist in the blank and solutions with adenosine, the mass gain process could still be attributed with the adsorption of other ions or molecules species present in the cell aside from the adenosine molecules/complex, such as water molecules that could be trapped within the layers of adsorbed adenosine molecules/complex. 23 More studies could be proposed in the future to understand these phenomena.
Conclusions
We investigated the corrosion inhibition effect of the adenosine to iron metal in a diluted HCl solution by the QCM technique. The results are summarized as follows.
(1) Real-time mass change of a corroding surface of iron in 1 mmol dm ¹3 HCl when adenosine was introduced into the system was successfully observed with the QCM.
(2) In an OCP corroding system freshly introduced with adenosine, the adsorption process of adenosine molecules/ complex could happen along with the iron dissolution process. (3) Adenosine molecules/complex could desorb from the surface of iron when electrically polarized from the anodic region and adenosine could re-adsorb onto the surface when polarized towards the cathodic region.
